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A B S T R A C T
On-demand production of hydrogen from ammonia is a challenge limiting the implementation of ammonia as a
long term hydrogen vector to overcome the difficulties associated with hydrogen storage. Herein, we present the
development of catalysts for the on-demand production of hydrogen from ammonia by combining metals with
high and low N-adatom adsorption energies. In this way, cobalt-rhenium (Co-Re) catalysts show high activity
mimicking that of ruthenium. EXAFS/XANES analyses demonstrate that the bimetallic Co-Re contribution is
responsible for the activity and the stability of the catalysts in consecutive runs with no observable formation of
nitrides (Co-N and Re-N) occurring under the ammonia atmosphere. While cobalt is partially re-oxidised under
ammonia, re-reduction in the presence of rhenium is observed at higher temperatures, coinciding with the on-set
of catalytic activity which is accompanied by minor structural changes. These results provide insight for the
development of highly active alloy based ammonia decomposition catalysts.
1. Introduction
Ammonia is regarded as a safe and sustainable energy carrier due to
its high hydrogen content and narrow flammable range [1,2] enabling
the long term (days to months) energy storage in chemical bonds versus
the short-term storage (seconds to hours) offered by electrochemical
storage (i.e. batteries). In this way, the use of ammonia as an energy
vector could facilitate the balance of seasonal energy demands and
intermittent renewable energy production (e.g. solar, tidal and wind) in
a carbon-free society [3–5]. Established safety protocols and existing
transportation and distribution networks applicable for ammonia [6]
make it also an effective possible solution in comparison to hydrogen
due to the current lack of viable methods to store hydrogen in a com-
pact, safe and cost-effective manner [7]. Despite its potential, the im-
plementation of ammonia in the energy landscape relies on the cap-
ability of releasing hydrogen on-demand, preferably at temperatures
aligned to those of fuel cells [8]. A considerable scientific effort is
currently focused on the design of catalysts for the low temperature
activation of ammonia for the production of hydrogen [2,9,10]. The
most active catalysts reported in the literature are ruthenium-based
[11–16]. The optimum properties of ruthenium actives sites are asso-
ciated with optimum N-adsorption energy [17] which enables activa-
tion of the ammonia molecule while avoiding poisoning by N-adatoms
at low temperature (known to be the limiting step at such conditions).
Enhancement of the ruthenium activity can be achieved by the use of
electron donating promoters [11,13,18] and highly conductive sup-
ports, such as graphitised carbon nanotubes [19]. However, there is
much interest in the identification of alternative catalysts which rival, if
not exceed, the performance of ruthenium. Our recent review on the
subject identifies cobalt as an attractive alternative, however studies
show it to possess poor activity compared to ruthenium-based systems,
especially at low temperatures [2,20–23]. The work reported within
this manuscript demonstrates a systematic approach to replicate or
improve upon the ammonia decomposition activity of ruthenium-based
catalysts. The strategy employed by us has been the development of bi-
metallic systems combining metals possessing different N-adatom ad-
sorption energies following the DFT simulations by Hangsen et al.[17]
to achieve an optimum binding energy for catalytic performance.
Within our studies, cobalt-rhenium systems present activity at condi-
tions comparable to Ru/CNT catalysts [11] with very high stability
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under consecutive runs and no observed formation of nitrides (Co-N
and Re-N) under the ammonia atmosphere. Even though we recognise
the scarcity and cost of Re, the knowledge provided in this study is
useful for the development of catalysts of enhanced activity. The low
temperature activity is directly related to the intimate Co-Re interaction
with the activity onset related to the contraction of the Re-Co bond
distance.
2. Experimental
2.1. Synthesis of catalysts
Cobalt rhenium materials were prepared to yield different Co/Re
ratios, by mixing varying amounts of ammonium perrhenate (NH4ReO4,
Sigma Aldrich,> 99%) in deionized water with cobalt nitrate (Co
(NO3)2.6H2O, Sigma Aldrich,> 98%). The solutions were stirred for
1 hour then dried in an oven at 125 °C for 12 hours. After drying, the
materials were ground by hand and calcined in air at 700 °C (using a
10 °Cmin-1 ramp rate) for 3 hours. Ruthenium supported on carbon
nanotube (Ru/CNT) catalysts were prepared by incipient wetness im-
pregnation using Ru(NO)(NO3)3 (Alfa Aesar). Multi-walled carbon na-
notubes (Sigma Aldrich, OD 6-9 nm, length 5 μm, SBET 253m2 g-1) were
used as support. After impregnation of the aqueous solutions, the cat-
alysts were dried at 100 °C under vacuum for 3 hours and then reduced
under hydrogen at 230 °C for 1.5 hours.
Following degassing the materials, nitrogen physisorption isotherms
were measured at −196 °C using a Micromeritics ASAP 2020 instru-
ment. The surface area was calculated using the Brunauer, Emmett and
Teller (BET) method. Temperature programmed reduction (TPR) ex-
periments were carried out in a Micromeritics Autochem 2920 instru-
ment equipped with a thermal conductivity detector (TCD). The sam-
ples characterised from room temperature to 900 °C using a
temperature ramp rate of 10 °Cmin-1 under 50mL min-1 flow of 5 %
H2/Ar. CO pulse chemisorption analyses at 35 °C were carried out using
the Micromeritics Autochem 2920 instrument equipped with a TCD.
Samples were pre-treated at 250 °C under a helium flow for 1 hour to
ensure desorption of water.
2.2. XAS data collection
Cobalt K-edge and rhenium LIII-edge XAS data were collected at the
Swiss-Norwegian Beamline (SNBL, BM1B) at the European Synchrotron
Radiation Facility (ESRF) in transmission mode. The data was collected
in the 16-bunch filling mode, providing a maximum current of 90mA. A
bending magnet collected the white beam from the storage ring to the
beamline. The SNBL is equipped with a Si(111) double crystal mono-
chromator for EXAFS data collection. The incident and transmitted
intensities (I0 and It + I2) were detected with ion chambers filled with,
I0 (17 cm) 50 % N2+ 50 % He, and It and I2 (30 cm) with 85 % N2+ 15
% Ar at the cobalt edge. Cobalt references (Co-foil, CoO, Co3O4) and
rhenium references (Re-foil, NH4ReO4) were also collected. The cobalt
K-edge XAS data were measured in continuous step scan mode from
7600 eV to 8300 eV with a step size of 0.5 eV and counting time of
300ms per step. The rhenium L-III data were collected in transmission
mode, using ion chambers fillings of 100 % N2 (I0, 17 cm), 50 % N2 +
50 % Ar (It, 30 cm). Step scans were collected between 10350 eV to
11800 eV, with a step size of 0.5 eV and counting time of 200ms per
step.
For all in situ measurements, great care was taken to ensure similar
conditions were applied for both edges, hence sample weight, cell
thickness and gas flow were kept constant. The CoRe catalysts were
mixed with boron nitride, pressed to wafers and sieved fractions (above
375 μm) were then placed inside 0.9mm quartz capillaries with quartz
wool on either side. The capillary was heated by a blower placed di-
rectly under the sample, and the exhaust was continuously sampled
using a Pfeiffer Omnistar Mass Spectrometer. The protocol for the
ammonia decomposition includes pre-treatment in 75% H2 in argon at
600 °C for one hour using a 5 °Cmin-1 ramp rate using a total flow of
10mL min-1. EXAFS step scans were collected continuously, with XRD
patterns being collected at end points. After the pre-treatment, samples
were cooled to 200 °C before switching to 5% NH3 in helium and
heating to 700 °C using a ramp rate of 2 °C min-1. EXAFS step scans were
collected continuously, and the exhaust was continuously analysed
using the mass spectrometer.
2.3. XAS data refinement
The XAS data were binned (edge region −30 eV to 50 eV; pre-edge
grid 10 eV; XANES grid 0.5 eV; EXAFS grid 0.05 Å-1) and background
subtracted, and the EXAFS part of the spectrum extracted to yield the
χiexp(k) using Athena software from the IFFEFITT package. [24] The
XANES spectra were normalised from 30 to 150 eV above the edge,
while the EXAFS spectra were normalised from 150 eV to the end point.
The data were carefully deglitched and truncated when needed. For
cobalt the threshold energy (E0) was set to be at the mid-point (0.5) of
the normalised absorption edge step ensuring it was chosen after any
pre-edge or shoulder features. For rhenium samples E0 was determined
to be the first inflection point in the first derivative spectra, as there are
no pre-edges or shoulder features. All XANES spectra were energy
corrected against the corresponding reference foil (Co=7709 eV,
Re=10535 eV).
Due to the bimetallic nature of the CoRe-catalyst, as reported pre-
viously [25], obtaining accurate comparable results from linear com-
bination of XANES using known references was difficult. For this
reason, reduction and reaction profiles were obtained using multi-
variate curve resolution (MCR). MCR using the alternating least-square
(ALS) mathematical algorithm is a chemometric method which is well-
known for its ability to provide the pure response profile of the che-
mical constituent (species) of an unresolved mixture. Nowadays, MCR
is heavily used as a blind source separation method (no reference
spectra) to process large data-sets generated in labs and synchrotron
facilities all over the world. For a detailed description of the method
employed, software and usage, the reader is directed to literature from
Jaumot et al. [26,27] and Ruckebush et al. [28] MCR-ALS was used to
analyse the operando time-resolved (TR) XANES data-sets for Co-Re
bimetallic catalysts during the pre-reduction step. For the assessment of
the minimum number of principal components that describe the system,
i.e. rank analysis, a built-in method based on the singular value de-
composition (SVD) was used [29]. The SVD results display the calcu-
lated eigenvalues of the data versus the component number (a so-called
scree plot), which allows understanding how much variance each
component can explain. A break in the slope of such a plot is generally
associated to the minimum number of components able to simulate the
initial mixture. The MCR-ALS graphical user interface (GUI) for Ma-
tlab® used in the present manuscript (http://www.mcrals.info/) was
applied on the XANES data-sets for both Co and Re edges (Co: 7600-
8000 eV and Re: 10450-10800 eV). Positive constraints were utilised for
both concentration and spectra profiles and closure constraints for the
concentration (i.e. no mass transfer; constant concentration of the ab-
sorber throughout the experiment).
The peak fitting feature in the Athena software was used to calculate
the area for the white line intensity at the Co K-edge for CoRe1.6 during
NH3-treatment. A Gaussian curve was used to calculate the area.
Difference spectra were made with the Athena software.
EXAFS least-squares refinements were carried out using DL-
EXCURV [30], which conducts the curve fitting of the theoretical χcalc
(k) to the experimental χexp(k) using the curved wave theory. The fit
parameter reported for each refinement procedure is given by the sta-
tistical R-factor, defined as:
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kWT is the weight factor and a k3 -weighting was used for the analysed
data. Ab initio phase shifts were also calculated within DL-EXCURV and
verified using reference compounds. The least-squares refinements
were carried out in typical wave number k range 2-8.5 Å-1 for cobalt
and k range 3.5-9.5 Å-1 for rhenium using a k3 weighting scheme.
Bimetallic fractions were calculated from the multiplicities of the Re
LIII-edge from the EXAFS analysis after the method of Shibata et al. [31]
The coordination number of the bimetallic contribution (NRe-Co) was
used to determine the ratio of bimetallic phase compared to the total
coordination number (NRe-Re + NRe-Co).
2.4. Ammonia decomposition reaction
Ammonia decomposition reactions were carried out in a continuous
differential packed bed reactor using 25mg of catalyst diluted in a si-
licon carbide bed. The reactor system was equipped with mass flow and
temperature controllers. The reaction tubing was heated to 60 °C to
avoid ammonia condensation and consequent corrosion. Prior to each
catalytic reaction study, the catalysts were pre-reduced in situ under a
H2 flow at 600 °C for 1 hour (unless otherwise stated). After pre-re-
duction, the temperature was returned to ambient under the H2 flow.
Following this, the reaction temperature was ramped from room tem-
perature to 600 °C using a Carbolite tube furnace equipped with a PID
controller. A 2.6 °C min-1 ramp under 2.5 mL min-1 NH3 and 6mL min-1
He (GHSV of 6000 mLNH3·gcat-1 h-1) was applied. The reactor exit gas
was analysed using an on-line gas chromatograph fitted with a Porapak
column and employing a thermal conductivity detector. Mass balance
calculations were carried out to account for the molar expansion oc-
curring as a result of the reaction. Mass balance was achieved within
a±10 % error.
3. Results and discussion
A number of unsupported bimetallic combinations including
CoRe1.6, Ni2Mo3N, Co3Mo3N were tested for hydrogen production from
ammonia decomposition (Fig. 1a) with the aim of achieving similar
activities than the state-of-the-art ruthenium-based catalysts by com-
bining transition metal catalysts with respectively higher and lower N-
adatom adsorption energy than ruthenium. In addition to metal based
catalysts, nitrides have also been investigated for ammonia decom-
position, for example. [32,33] While Co-Mo alloy has been previously
predicted as an optimum bimetallic combination [17,34,35], a con-
siderably higher activity and, most importantly, an onset of activity at
lower temperatures was achieved by the Co-Re alloy. Indeed, CoRe1.6
has an activity comparable to 7 wt.% Ru/CNT [11]. 7 wt.% Ru/CNT is
considered to be one of the optimum catalysts for this reaction due to
the high concentration of B5 sites (an arrangement of three Ru atoms in
one layer and two further Ru atoms in the layer directly above) ex-
pressed in the 3.5-5 nm Ru nanoparticles present which are promoted
by the CNT support [36]. While 3-5 nm supported Ru nanoparticles
(7 wt.% Ru/CNT) present a considerably higher activity than the un-
supported CoRe1.6 per mol of metal (Fig. 1b), a rate a few orders of
magnitude higher is shown by the CoRe1.6 when activity is normalised
by metallic surface area. It is important to highlight that the surface
area of the unsupported CoRe1.6 catalyst is only 0.2 m2 g-1 as de-
termined from the BET measurement (although the limitations in this
regard with such a low surface area must be recognised) while the
metallic surface area of the 7% Ru/CNT catalyst is 10 m² g-1 as mea-
sured by CO chemisorption. Pre-reduction in a H2 flow was undertaken
prior to surface area determination in both cases. Whilst the limitations
of the BET method applied to CoRe1.6 in view of its very low surface
area are acknowledged, triplicate analyses confirmed the absence of
micro- and meso-porosity. Considering the surface catalysed nature of
ammonia decomposition, these results imply that the active sites in the
Co-Re system might be considerably more active than those in their
ruthenium counterparts. Both catalysts show a similar activation energy
with values of 91 kJ mol-1 and 85 kJ mol-1 for 7 wt.% Ru/CNT and
unsupported CoRe1.6 respectively (the Arrhenius plots are available in
the SI, Figure S1). These values are in agreement with those previously
reported for Ru-based catalysts [11,19] and may possibly suggest si-
milarities in the nature of the active sites in both systems, thereby
confirming the potential of the design principle adopted, although this
is a matter for further exploration.
As shown in Fig. 2, cobalt only and rhenium only counterpart cat-
alysts show limited activity for ammonia decomposition demonstrating
that the high activity of the CoRe1.6 material is due to the synergetic
effect achieved by the alloy formation [25].
The activity of the CoRe1.6 catalyst was significantly increased as
the pre-reduction temperature of the catalyst was increased (Fig. 3)
from 400 to 600 °C. As the catalysts have been calcined at 700 °C under
air, the role of pre-reduction is most likely not related to the promotion
Fig. 1. (a) Catalytic activity of different alloy materials for the decomposition
of ammonia. ◼ CoRe1.6 Ni2Mo3N Co3Mo3N 7% Ru/ CNT. Reaction con-
ditions: 2.5 mL min-1 NH3, 6mL min-1 He, 25mg catalyst, GHSV: 6000 h-1.
Catalysts are pre-reduced at 600 °C under H2 flow. (b) Comparison of rate of
reaction of 7 wt.% Ru/CNT (orange) and unsupported CoRe1.6 (black) catalysts
per mol of metal and per metallic surface area at 435 °C.
Fig. 2. Comparison of the catalytic activity of the CoRe1.6 catalyst in compar-
ison to materials prepared from the cobalt and rhenium precursors. ◼ CoRe1.6
Co(NO3)2·6H2O derived material NH4ReO4 derived material. Reaction con-
ditions: 2.5 mL min-1 NH3, 6mL min-1 He, 25mg catalyst, GHSV: 6000 h-1.
Materials were pre-reduced at 600 °C under flowing H2.
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of the thermal interaction between the Co and the Re atoms but rather
the oxidation state of the active species. However, temperature pro-
grammed reduction (TPR) of the CoRe1.6 catalyst (Figure S2 in the SI)
reveals full reduction of both Co and Re components at 400 °C under
hydrogen indicating that the apparent increase in catalytic activity at
higher pre-reduction temperatures is likely to be associated with ther-
mally-induced modifications in the bi-metallic material as evidenced
below. For comparison, Figure S2 also shows the TPR of the calcined
cobalt and rhenium precursors where full reduction requires tempera-
tures of ∼ 450-500 °C.
To gain a better understanding of the promotion of the interaction
between the Co and Re during the pre-reduction of the CoRe1.6 mate-
rial, in situ X-ray absorption spectroscopy was applied. It is particularly
applicable to the current study where there could be concerns that the
ex situ nature of the material may differ from that under reaction
conditions. Attention was particularly directed to the near edge
(XANES) region as it is highly sensitive to the local environment and
oxidation state. Fig. 4 reveals that a cobalt intermediate state is formed
during reduction at temperatures above 100 °C comprising an apparent
mixture of Co2+ and Co0 species. Full reduction to Co0 occurs over a
narrow temperature window starting at 350 °C with the final reduced
state being complete at 400 °C. Reduction of rhenium occurs abruptly
and in one step initiating at 300 °C. Fig. 5 presents spectra determined
at different stages of the activation and reaction process.
During heating of the CoRe1.6 catalyst in 5% NH3, partial oxidation
of cobalt is evident by the increased white line intensity observed be-
tween 200-400 °C [37,38](Fig. 5c), as in agreement with supported
CoRe in a silica aerogel. [39] Even if changes were observed in the more
sensitive XANES for cobalt, EXAFS analysis (Table 1) revealed no light
atom scattering pairs (i.e. Co-N) formed during the low-temperature
ammonia treatment. Hence, any oxidation must be limited to the sur-
face which would be difficult to distinguish in the EXAFS analysis of
CoRe1.6. Starting at 400 °C during ammonia treatment, the white line
intensity (Fig. 5d) gradually decreased reaching a similar intensity at
600 °C as observed for CoRe1.6 during pre-treatment. This corresponds
to a partial reduction of cobalt coinciding with CoRe1.6 becoming active
for ammonia decomposition. Interestingly, no changes were observed in
the XANES region (Figure S3 in the SI) for rhenium during ammonia
decomposition. These observations are in agreement with the wide-
spread use of Re as a promoter in cobalt-based catalysts for the Fischer-
Tropsch reaction where it facilitates not only Co reduction but also
retards its sintering [40].
Results from EXAFS analysis (Table 1) and average coordination
numbers for the unsupported CoRe1.6 catalysts from pre-reduction be-
tween 400-600 °C show an average multiplicity of the Co-Co pair be-
tween 3.5 and 4 at around 2.45 Å, while the first Re-Re shell at 2.64
-2.69 Å contains on average 6-7 neighbours. While no Co-Re contribu-
tion could be fitted, a small Re-Co contribution could refined between
2.55-2.57 Å with an average multiplicity between 1.2-1.4. Attempts
were made to refine the corresponding Co-Re shell, however they were
not successful. This can be explained by Co-Co and Co-Re back-
scattering pairs having similar bond distances which were not resolved
by our limited Δk-window. Attempts were also made to include mixed
site option in the EXCURV software, essentially forcing Co-Co and Co-
Re shells to have the same bond length, however, this did not improve
the fit-factor and therefore the Co-Re contribution was removed. It is
believed that the refinement of the Co-Re contribution is limited by the
experimental constraints, i.e. filling mode (16-bunch), high rhenium
content and elevated temperatures. EXAFS refinements indicated a
complete reduction of CoRe1.6 from 400 °C in 75% H2 as no metal-O
pairs could be fitted, in agreement with the TPR results described
above. The addition of a metal-O pair in the fitting model for Fig. 6a)
and Fig. 7a) produced no valid results and did not improve the fit. This
reveals that the major contributing species formed during pre-treatment
Fig. 3. Comparison of the catalytic activity of CoRe1.6 catalyst pre-reduced
under H2 flow at ◼ 600 °C 500 °C and 400 °C. Reaction conditions: 2.5 mL
min-1 NH3, 6 mL min-1 He, 25mg catalyst, GHSV: 6000 h-1.
Fig. 4. Reduction of CoRe1.6 at Co K-edge (top) and Re LIII-edge (bottom) described with MCR analysis of the unsupported CoRe1.6 catalyst.
K.G. Kirste, et al. Applied Catalysis B: Environmental 280 (2021) 119405
4
of CoRe1.6 are Co-Co and Re-Re with only ∼20% of the bimetallic Re-
Co pair.
After cooling and switching to 5% NH3, partial oxidation of Co was
observed in the XANES, however this was not reflected in the EXAFS (at
300 °C) where four Co-Co pairs at 2.45 Å were found similarly to the
pre-treatment. A better fit was obtained at the Re LIII-edge at lower
temperatures yielding an average of 3.3 Re-Re backscattering pairs at
2.65 Å. We believe the lowered multiplicity originates from better ac-
curacy and is not a reflection of reduction in particle size. The Re-Co
bimetallic pair remained but at an elongated bond distance of 2.61 Å
with a slightly increased average multiplicity to 1.6. Hence, there were
minor structural changes observed in the EXAFS for CoRe1.6 when
switching from a hydrogen to an ammonia atmosphere (Fig. 6 and
Fig. 7)
When increasing the temperature from 300 °C to 600 °C under the
ammonia atmosphere, the Co-Co backscattering pair was surprisingly
stable (Fig. 8 and Fig. 9) despite the observed partial oxidation and re-
reduction observed in the XANES. These observations align with the
excellent stability of the CoRe1.6 catalysts under consecutive reaction
runs as shown below. The average Co-Co multiplicity remained at 4
with a bond distance of 2.45 Å throughout the ammonia treatment. This
contrasts with the Re-Re backscattering shell where significant elon-
gation of bond distance from 2.65 Å to 2.73 Å was observed (Fig. 9)
during ammonia decomposition. Great care must be taken when com-
paring coordination shell distances from EXAFS at different tempera-
tures, as other effects, such as thermal expansion, may contribute to the
observed changes. [41] While multiplicities of Re-Re, Re-Co and Co-Co
remained constant after the reduction stage, we observed variations in
bond distances for these coordination shells as mentioned above. Fig. 9
illustrates these changes, ΔR, for these shells during pre-treatment and
ammonia decomposition. During the pre-treatment step, relative
changes of the first metal coordination shells were apparent relative to
their initial appearance (400 °C), while relative changes during am-
monia decomposition were shown in relation to the pre-treated sample.
While the Co-Co bond distance remained unchanged during pre-treat-
ment, an observed elongation of the Re-Re bond (2.65-2.69 Å) concurs
with a slight contraction of the Re-Co bond (2.57-2.55 Å). This strongly
indicates that local restructuring of both monometallic and bimetallic
particles occurs between 400-600 °C, after TPR and MCR data suggest
CoRe1.6 is fully reduced. After switching to ammonia at 200 °C the Re-
Re bond was significantly shortened to 2.65 Å and the Re-Co distance is
elongated (2.61 Å). During ammonia decomposition however these two
distances were separated as Re-Re increased to 2.73 Å, while Re-Co was
shortened (2.56 Å) coinciding with CoRe1.6 becoming active. While the
observed elongation in bond distance approaches that of Re-foil
(2.74 Å), it did not seem to be associated with sintering of a pure Re-Re
phase in CoRe1.6 as the average multiplicity remained between 6-7 si-
milarly to that observed in the H2 pre-treatment. Similar bond distances
(2.56-2.57 Å) were found for rhenium promoted Co/Al2O3 during CO
oxidation by in situ XAS. [42]
It should be noted that higher order cumulants [43] (C3 and C4)
were introduced during EXAFS refinements, however they did not im-
prove the fits for either rhenium or cobalt. Somewhat ordered higher
coordination shells are observed at the Co K-edge (Fig. 6) at low tem-
peratures during pre-treatment, but these could not be fitted. However,
these shells seem to disintegrate at higher temperatures and during
ammonia treatment. Higher coordination shells were not observed at
the Re LIII-edge (Fig. 7) at any reaction stage. This indicates a high
degree of disorder in the CoRe1.6 during ammonia treatment. This is
also the case for the material for ammonia synthesis. [25]
It is of interest to monitor the bimetallic Re-Co contribution during
the reaction stages and we have included two methods where we utilise
information from XANES and EXAFS. Bimetallic fractions calculated
Fig. 5. a) XANES of CoRe1.6 from the Co K-edge comparing the
end of the pre-treatment, the beginning and the end of the NH3-
treatment with metallic cobalt. b) The first derivative of the
XANES of CoRe1.6 from the Co K-edge. c) White line intensity
changes due to partial oxidation during NH3-treatment from 200-
400 °C of CoRe1.6 (The reduced in 75% H2/Ar CoRe1.6 (…) is
added for comparison) d) Re-reduction of Co in CoRe1.6 shown by
decreasing white line intensity from the Co K-edge from 400-
600 °C. e) Area for the white line intensity for cobalt in CoRe1.6 at
the Co-edge plotted versus temperature.
Table 1
EXAFS least squares refinements of CoRe1.6 after Ar/H2 PT and ammonia de-
composition at the Co K-edge and Re LIII-edge from in situ XASa. AFAC taken
from Co-foil= 0.79 and Re-foil= 0.80.
Treatment Shell N R/Å 2σ2/Å2 EF/eV R/% Δκ
Ar/H2, 400 °C Co-Co 4(1) 2.45(1) 0.020(7) 9(1) 49 2-8
Re-Co 1.3(7) 2.57(1) 0.01(1) −7(5) 58 3.5-9.5
Re-Re 7(5) 2.64(9) 0.05(2)
Ar/H2, 500 °C Co-Co 3.5(9) 2.44(1) 0.019(6) 9.35 42 2-8
Re-Co 1.2(4) 2.55(1) 0.012(5) −10(1) 33 3.5-9.5
Re-Re 7(3) 2.68(2) 0.05(1)
Ar/H2, 600 °C Co-Co 4(1) 2.45(2) 0.026(7) −2(2) 45 2-8
Re-Co 1.4(7) 2.55(1) 0.022(8) −10(3) 42 3.5-9.5
Re-Re 6(3) 2.69(6) 0.04(1)
NH3, 300 °C Co-Co 4(1) 2.45(2) 0.023(8) 3(2) 43 2-8
Re-Co 1.6(7) 2.61(1) 0.030(9) −9(2) 31 3.5-9.5
Re-Re 3.3(9) 2.65(1) 0.018(5)
NH3, 400 °C Co-Co 4(1) 2.45(2) 0.024(7) 3(2) 39 2-8
Re-Co 1.3(5) 2.56(1) 0.018(7) −9(2) 35 3.5-9.5
Re-Re 6(2) 2.68(3) 0.034(8)
NH3, 500 °C Co-Co 4(1) 2.44(2) 0.025(7) 3(2) 38 2-8
Re-Co 0.9(3) 2.563(8) 0.009(6) −10(2) 32 3.5-9.5
Re-Re 7(2) 2.70(4) 0.043(9)
NH3, 600 °C Co-Co 3.4(9) 2.45(2) 0.021(6) 2(2) 39 2-8
Re-Co 1.4(8) 2.57(1) 0.02(1) −11(3) 51 3.5-9.5
Re-Re 6(3) 2.73(5) 0.04(1)
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from EXAFS (Fig. 10, bottom) are somewhat stable between 0.1 and 0.3
through the reaction stages. However, due to high uncertainties of the
Re-Re multiplicities especially, the XANES has been examined to look
for features associated with the Re-Co bimetallic pair. The difference
spectra (Fig. 10, top, black line) between Co-foil and the pre-treated
CoRe1.6 show several features, one at 7712 eV associated with the pre-
edge and a negative peak at 7722 eV together with a peak at 7730 eV
related to the white line. Of these, the feature at 7712 eV would be
more characteristic for assigning Re-Co bimetallic species, as the latter
two can also be affected by oxidation and reduction processes. The
feature at 7760 eV will be affected by temperature and particle size and
is therefore less reliable for this purpose. The difference spectra for
CoRe1.6 during ammonia treatment (Fig. 10, top, green line) monitor
possible changes in the XANES compared to the final state at 600 °C in
ammonia. It is evident that there are no significant changes in bime-
tallic Re-Co contribution during the process, rather the observed
changes are attributed to partial oxidation and re-reduction.
These results are similar to the behaviour of CoRe1.6 during am-
monia synthesis where the Ar/H2 pre-treated material shows a stable
bimetallic fraction throughout the process. [25] The complete reduc-
tion observed from the lack of Co-O and Re-O interactions in the EXAFS
confirms that all of the metal is in the metallic state, and while the
system is made up of Co-Co, Re-Re and Co-Re/Re-Co coordination pairs,
the local structure of each particle is more difficult to predict.
Results from XAS reveals that the CoRe1.6 catalyst remains largely
unchanged during the ammonia treatment. This also precludes nitride
formation as no Co-N/Re-N coordination shells were found during any
stage of the process with the interaction with reactants and products
The stable Co-Re contributions are in agreement with the excellent
stability of the unsupported CoRe1.6 catalysts in at least 6 consecutive
ammonia decomposition runs up to 500 °C where the temperature is
returned to ambient values after each run before being increased again
(Fig. 11).
4. Conclusions
This paper provides new information for the development of active
ammonia decomposition catalysts using bi-metallic combinations.
Unsupported CoRe catalysts present an ammonia decomposition ac-
tivity comparable to the state-of-the-art Ru-based systems with high
stability under consecutive runs. The high activity is related to the bi-
metallic Co-Re contribution with no significant change across the stu-
died temperatures with the exception of partial oxidation and re-re-
duction of the cobalt species. The re-reduction in the presence of the Re
component coincides with the onset of ammonia decomposition ac-
tivity. In addition, no Co-N or Re-N backscattering shells are found
during EXAFS analysis under ammonia atmosphere. In terms of the
CoRe catalyst, future attention should be directed towards the appli-
cation of supports to increase the dispersion of the active phase and also
to the application of potential promoters, whilst recognising the relative
high cost of the Re component.
Fig. 6. Experimental (―) and calculated (—) k3-weighted EXAFS (left) and its Fourier Transform (right) for CoRe1.6 during pre-treatment in Ar/H2 from 400-600 °C
and NH3 decomposition from 300-600 °C for the Co K-edge. a) 400 °C in H2/Ar, b) 500 °C in H2/Ar, c) 600 °C in H2/Ar, d) 300 °C in NH3, e) 400 °C in NH3, f) 500 °C in
NH3, and g) 600 °C in NH3.
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Fig. 9. Variations in bond distances (Å) determined from EXAFS
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with the final state at 600 °C in 5% NH3 (green). Bottom: Calculated bimetallic fractions from EXAFS refinements from Re LIII-edge.
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